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TITLE OF THE INVENTION 

Method of Manufacturing Electron-Emitting 

Element and Electronic Device 
BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a method of 
manufacturing an electron-emitting element which can be 
applied to an electron gun, electron tube, vacuum tube, 
field-emission display (FED) , and the like and an 
electronic device. 
Related Background Art 

With the recent advances in micropatterning 
techniques in the semiconductor technology, the field 
of vacuum microelectronics has undergone rapid 
development. A field-emission display (FED), in 
particular, has received a great deal of attention as 
one of the next-generation electronic deices having 
display functions. This is because the two-dimensional 
arrangement of microelectrodes serving as 
field-emission type electron-emitting elements in an 
FED, unlike a conventional CRT display, essentially 
eliminates the necessity of deflection/convergence of 
electrons to realize a flat display. 

As a material used for microelectrodes of such an 
FED, diamond is in the limelight. This is because, 
diamond has negative electron affinity, which is a very 
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effective property for an electron-emitting element. 
By forming microelectrodes using diamond, electrons can 
be emitted from the microelectrodes at a low voltage. 

For example, as electron-emitting elements made 
of diamond, the elements disclosed in NEW DIAMOND, 
Vol. 13, No. 4, p. 2 8 (1997) and Japanese Patent 
Laid-open No. 10-312735 are known. The former 
discloses an electron-emitting element formed by 
processing doped diamond in the shape of a needle (see 
Fig. 18) . The latter discloses an electron-emitting 
element formed into a pyramidal shape by a diamond 
synthesis technique (see Fig. 19) . 
SUMMARY OF THE INVENTION 

The above conventional electron-emitting elements, 
however, suffer the following problems. According to 
the former electron-emitting element, since each 
sharp-pointed electron-emitting portion in the shape of 
a needle is spontaneously formed by etching, the 
position of each electron-emitting portion cannot be 
controlled. According to the latter electron-emitting 
element, since the maximum height of each pyramidal 
electron-emitting portion is proportional to the length 
of its base, the height of the electron-emitting 
portion and the diameter of the emitter cannot be 
independently controlled. If, therefore, the area of 
the base of each pyramid is reduced to increase the 
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density of pyramids, the height of each pyramid 
decreases. As a consequence, the electric field at the 
distal end portion of each pyramid decreases even while 
the voltage is kept unchanged. This makes it difficult 
to emit electrons. 

The present invention has been made to solve the 
above problems, and has as its object to provide a 
method of manufacturing an electron-emitting element 
which allows the height and the area of the base of 
each electron-emitting portion to be independently 
controlled and also allows the formation position of 
each electron-emitting portion to be controlled, and an 
electronic device using the electron-emitting element 
manufactured by the method. 

According to the present invention, there is 
provided a method of manufacturing an electron-emitting 
element for emitting electrons from diamond, comprising 
the first step of forming a diamond columnar member on 
a diamond substrate, and the second step of forming an 
electron-emitting portion having a base portion and a 
sharp-pointed portion which is located closer to a 
distal end side than the base portion and emits the 
electrons by performing etching processing with respect 
to the columnar member. 

According to the method of manufacturing an 
electron-emitting element of the present invention, the 
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position of each electron-emitting portion can be 
controlled by adjusting the place where a diamond 
columnar member is formed. An electron-emitting 
portion having a sharp-pointed portion on its distal 
end is formed by etching a columnar member. The area 
of the base of the completed electron-emitting portion 
depends on the area of the base of the columnar member 
before etching. The height of the electron-emitting 
portion depends on the height of the columnar member 
before etching and the type of etching. In addition, 
since the height and the area of the base of the 
columnar member can be set to desired values by 
adjusting the conditions of etching, the area of the 
base and height of the electron-emitting portion can be 
independently controlled unlike the case where the 
overall electron-emitting portion is formed into a 
pyramidal shape by a diamond synthesis technique as in 
the prior art. 

In the method of manufacturing an 
electron-emitting element according to the present 
invention, the etching in the second step can be plasma 
etching. 

In the method of manufacturing an 
electron-emitting element according to the present 
invention, in the second step, a portion of the diamond 
substrate other than a portion where the columnar 
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member is preferably formed is masked, and reactive ion 
etching is preferably performed with respect to the 
columnar member. In this case, the sharp-pointed 
portion at the distal end of each electron-emitting 
portion can be formed into a needle-like shape. 

In the method of manufacturing an 
electron-emitting element according to the present 
invention, in the first step, the diamond substrate is 
preferably etched after a circular mask portion is 
formed on a surface of the diamond substrate, and in 
the second step, the electron-emitting portion is 
preferably formed by performing etching with respect to 
the columnar member with a ratio of an etching rate in 
a lateral direction to an etching rate in a 
longitudinal direction being higher than that in the 
etching in the first step. 

In this case, in the first step, the position of 
each electron-emitting portion can be controlled by 
adjusting the place where each circular mask portion is 
formed. In addition, since the etching rate in the 
lateral direction is increased in the second step, a 
sharp-pointed portion can be formed at the distal end 
of each columnar member. The area of the base of the 
obtained electron-emitting portion depends on the area 
of the base of the columnar member obtained by etching 
in the first step, and the height of the 
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electron-emitting portion depends on the etching 
conditions in the first and second steps. The area of 
the base of the columnar member can be controlled by 
adjusting the area of the mask portion. The height of 
the electron-emitting portion can be controlled by 
adjusting the amount of portion of the diamond 
substrate which is removed by the etching in the first 
step. Therefore, the height and the area of the base 
of the electron-emitting portion can be independently 
controlled. 

According to the present invention, there is 
provided another method of manufacturing an 
electron-emitting element for emitting electrons from 
diamond, comprising the first step of forming a diamond 
columnar member on a diamond substrate, and the second 
step of forming an electron-emitting portion having a 
base portion, a sharp-pointed portion for emitting the 
electrons, and a columnar intermediate portion located 
between the base portion and the sharp-pointed portion 
by performing diamond synthesis processing with respect 
to the columnar member. 

According to the method of manufacturing an 
electron-emitting element of the present invention, the 
position of each electron-emitting portion can be 
controlled by adjusting the place where a diamond 
columnar member is formed. An electron-emitting 
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portion having a base portion, intermediate portion, 
and sharp-pointed portion is formed by performing 
diamond synthesis processing with respect to a columnar 
member. The area of the base of the obtained 
electron-emitting portion depends on the shape of the 
columnar member before diamond synthesis processing. 
The height of the electron-emitting portion depends on 
the shape of the columnar member before diamond 
synthesis processing and the conditions of diamond 
synthesis processing. In addition, since the height 
and the area of the base of the columnar member can be 
set to desired values by adjusting the conditions of 
etching, the area of the base and height of the 
electron-emitting portion can be independently 
controlled unlike the case where the overall 
electron-emitting portion is formed into a pyramidal 
shape by a diamond synthesis technique as in the prior 
art. 

According to the present invention, there is 
provided an electronic device comprising an 
electron-emitting element manufactured by each method 
described above, and an electron extraction electrode 
placed to oppose the sharp-pointed portion, with a 
voltage being applied between the electron extraction 
electrode and the electron-emitting element. 

According to the electronic device of the present 
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invention, electrons are emitted from the sharp-pointed 
portion of each electron-emitting portion toward the 
electron extraction electrode by applying the voltage 
between the electron extraction electrode and the 
electron-emitting portion. 

The electronic device according to the present 
invention includes a metal gate electrode formed around 
the base portion of the electron-emitting element, and 
a power supply for applying a voltage to the gate 
electrode . 

When the above arrangement is employed, a 
Schottky junction is formed on a portion where a metal 
gate electrode is formed, and a depletion layer is 
formed inside the base portion. The size of the 
depletion layer can be controlled by adjusting the 
voltage applied to the gate electrode. As the 
depletion layer increases, the number of electrons 
emitted from the sharp-pointed portion decreases, and 
vice versa. Note that even if an insulating layer is 
formed between the gate electrode and the base portion 
to form a MIS junction, the number of electrons emitted 
can be adjusted. 

The present invention will become more fully 
understood from the detailed description given 
hereinbelow and the accompanying drawings which are 
given by way of illustration only, and thus are not to 
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be considered as limiting the present invention. 
BRIEF DESCRIPTION OF THE DRAWINGS 

Figs. 1A to IE are perspective views showing the 
steps in a method of manufacturing an electron-emitting 
element according to the first embodiment of the 
present invention; 

Fig. 2 is an enlarged view of an 
electron-emitting portion in Fig. IE; 

Figs. 3A and 3B are perspective views showing 
modifications of the electron-emitting element 
according to the first embodiment; 

Fig. 4 is a perspective view showing a state 
where a Schottky junction is formed by depositing a 
gate electrode around the base portion of an 
electron-emitting portion in Fig. 3B; 

Fig. 5 is a view showing an electronic device 
obtained by mounting a cathode electrode and anode 
electrode (electron extraction electrode) on the 
electron-emitting element in Fig. 4; 

Fig. 6 is a view showing an electronic device 
having a MIS junction formed by depositing an 
insulating layer and gate electrode around the base 
portion; 

Figs. 7A to 7F are perspective views showing the 
steps in a method of manufacturing an electron-emitting 
element according to the second embodiment of the 



9 



FP01-0076-00 



present invention; 

Fig. 8 is an enlarged view of an 
electron-emitting portion in Fig. 7F; 

Figs. 9A to 9D are sectional views showing the 
steps in a method of manufacturing an electron-emitting 
element according to the third embodiment of the 
present invention; 

Fig. 10A to 10E are perspective views showing the 
steps in a method of manufacturing an electron-emitting 
element according to the fourth embodiment of the 
present invention; 

Fig. 11 is an enlarged view of an 
electron-emitting portion in Fig. 10E; 

Fig. 12 is a view showing the dimensions of 
columnar members and electron-emitting portions in 
Example 1; 

Figs. 13A to 13C are photomicrographs of 
electron-emitting elements obtained in Example 1; 

Figs. 14A and 14B are photomicrographs of an 
electron-emitting element obtained in Example 2; 

Figs. 15A to 15C are photomicrographs of an 
electron-emitting element obtained in Example 3; 

Figs. 16A and 16B are photomicrographs of 
electron-emitting elements obtained in Example 4; 

Figs. 17A to 17C are photomicrographs of 
electron-emitting elements obtained in Example 5; 
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Fig. 18 is a perspective view showing a 
conventional electron-emitting element having a 
needle-like structure; and 

Fig. 19 is a perspective view showing a 
conventional electron-emitting element having a 
pyramidal structure. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The preferred embodiments of the method of 
manufacturing an electron-emitting element and the 
electronic device according to the present invention 
will be described below. Note that the same reference 
numerals denote the same parts, and a repetitive 
description thereof will be avoided. 
[First Embodiment] 

Figs. 1A to IE are views showing the steps in a 
method of manufacturing an electron-emitting element 
according to the first embodiment of the present 
invention. First of all, a substrate 21 made of lb 
monocrystalline diamond whose surface is the {001} 
plane like the one shown in Fig. 1A is prepared. In 
the step shown in Fig. IB, a resist layer 22 is formed 
on the substrate 21, and a photomask 23 on which 
circular light-shielding plates 23a are 

two-dimensionally formed is placed on the resist layer 
22. The pitch of the light-shielding plates 23a of the 
photomask 23 is set to, for example, about 1 jULm to 50 
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jUm. Two-dimensional patterns are formed on the resist 
layer 22 at positions corresponding to the 
light-shielding plates 23a of the photomask 23 by a 
photolithographic technique. 

In the step shown in Fig. 1C, mask portions 24 
corresponding to the above patterns on the resist layer 
22 are formed by an etching technique. In the step 
shown in Fig. ID, a plurality of columnar members 25 
made of monocrystalline diamond are formed on the 
substrate 21 by RIE (Reactive Ion Etching) . In this 
embodiment, each columnar member 25 has a circular 
cross-section. However, for example, it may have a 
rectangular or triangular cross-section. In addition, 
each columnar member 25 preferably has a height of 
about 1 Jitm to 2 0 jUm and a diameter of about 0.5 jUm to 
10 jUxa.. The ratio of the height to the diameter of 
each columnar member 25 (to be referred to as an 
"aspect ratio" hereinafter) is preferably about 1 to 5 . 

The reason why reactive ion etching is used to 
form the columnar members 25 is that the 
projection-like columnar members 25 can be easily 
formed, and portions other than the portions on which 
the columnar members 25 are formed can be smoothly 
etched. Note that a reactive gas used for reactive ion 
etching is preferably 0 2 alone or a gas mixture of CF 4 
and 0 2 . 
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A technique other than reactive ion etching may 
be used to form the columnar members 25. For example, 
ion beam etching, ECR (Electron Cyclotron Resonance) 
etching, or etching using ICP (Inductive Coupled 
Plasma) can be used. 

In the step shown in Fig. IE, plasma etching is 
performed for the columnar members 25 in a microwave 
plasma to form electron-emitting portions 30. Fig. 2 
is an enlarged view of the electron-emitting portion 30. 
As shown in Fig. 2, the electron-emitting portion 30 
has a prismatic base portion 36 and a sharp-pointed 
portion 32 located closer to the distal end side than 
the base portion 36. The reason why the base portion 
36 is formed into a prism (quadrangular prism in this 
case) is that the surface of the substrate 21 is the 
{001} plane. When a voltage is applied to an 
electron-emitting element 20, electrons are emitted 
from the distal end of each sharp-pointed portion 32. 

Plasma etching is preferably performed in a 100% 
oxygen gas, at a reactive chamber temperature of room 
temperature to about 200°C, and a pressure of 0.1 to 40 
Pa (preferably near 5 Pa, in particular) in the 
reactive chamber, or in a gas mixture of CF 4 (mol)/0 2 
(mol) ^ about 0.25, at a reactive chamber temperature 
of room temperature to about 200 °C, and at a pressure 
of 0.1 to 40 Pa (preferably near 5 Pa, in particular) 
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in the reactive chamber. In addition, plasma etching 
may be performed in a plasma other than the microwave 
plasma, for example, a DC plasma, arc jet plasma, or 
flame plasma. 

According to the method of manufacturing the 
electron-emitting element 2 0 of this embodiment, the 
position of each electron-emitting portion 30 can be 
controlled by adjusting the place where each diamond 
columnar member 25 is formed. That is, the 
electron-emitting portion 30 can be formed at a desired 
position. In addition, the area of the base of the 
electron-emitting portion 30 formed by plasma etching 
depends on the area of the base of the columnar member 
25 before etching, and the height of the 
electron-emitting portion 30 depends on the height of 
the columnar member 25 before etching and the type of 
etching. In addition, since the height and the area of 
the base of the columnar member 25 can be set to 
desired values by adjusting the conditions of reactive 
ion etching, the area of the base and height of the 
electron-emitting portion 30 can be independently 
controlled unlike the case where the overall 
electron-emitting portion 30 is formed into a pyramidal 
shape by a diamond synthesis technique as in the prior 
art. For this reason, if the aspect ratio of each 
columnar member 25 is set to be high, the density of 
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electron-emitting portions 30 in the electron-emitting 
element 20 can be increased without decreasing the 
height of each electron-emitting portion 30, i.e., 
decreasing the number of electrons emitted upon a drop 
in voltage applied to the distal end portion of each 
electron-emitting portion 30. 

In this embodiment, the substrate 21 made of 
monocrystalline diamond is used. However, a 
hetero-epitaxial diamond substrate or highly oriented 
film substrate may be used. If a highly oriented film 
substrate is used, the particle size is preferably set 
to be larger than the diameter of each columnar member 
25 to prevent one columnar member 25 from including a 
plurality of particles. Although the characteristics 
of an electron-emitting element slightly deteriorate, a 
substrate may be formed by polycrystalline diamond with 
various plane azimuths. In addition, the substrate 21 
is not limited to a (100) substrate, a (110) substrate 
or (111) substrate may be used. 

Figs. 3A and 3B are perspective views showing 
modifications of the electron-emitting element 20 of 
this embodiment. In each modification, the shape of 
the electron-emitting portion 30 differs from that of 
the electron-emitting portion 30 in Fig. 2. The 
electron-emitting element in Fig. 3A is formed into a 
frustum of a quadrangular pyramid instead of a 
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quadrangular prism. In the electron-emitting element 
in Fig. 3B, an intermediate portion 34 in the shape of 
a quadrangular prism is formed between the base portion 
36 in the shape of a frustum of a quadrangular pyramid 
and the sharp-pointed portion 32. The shape shown in 
Fig. 3A can be formed from a very thin columnar member 
(with a diameter of less than 1 jUm) under etching 
conditions including methane. The shape shown in 
Fig . 3B can be formed from a general columnar member 

|:1 

*| (with a diameter of 1 Jilm or more) under etching 

h! 

p conditions including methane. 

fi i 

57 In addition, low index planes tend to appear on 

H the intermediate portion 34 and base portion 36 of the 

JJ K electron-emitting portion 30 obtained in this 

ill embodiment. For this reason, a Schottky junction 

W 

O having a diamond/metal structure can be formed by 

U depositing a metal on the intermediate portion 34 or 

base portion 3 6 on which a low index plane appears 
Alternatively, a MIS junction having a 
diamond/insulator/metal structure can be formed by 
depositing an insulator/metal on the intermediate 
portion 34 or base portion 36 on which a low index 
plane appears. 

Fig. 4 shows a Schottky junction formed by 
depositing an Al gate electrode 40 around the base 
portion 36 of the electron-emitting portion 30 in 
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Fig. 3B. Fig. 5 shows an electronic device 50 formed 
by attaching a cathode electrode 42 and anode electrode 
(electron extraction electrode) 44 to the 
electron-emitting element 20. The anode electrode 44 
is placed to oppose the sharp-pointed portion 32 of the 
electron-emitting portion 30. As shown in Fig. 5, a 
depletion layer 47 is formed inside the 
electron-emitting portion 3 0 around which the gate 
electrode 4 0 is mounted. A power supply 4 6 for 
electron emission is placed between the cathode 
electrode 42 and the anode electrode 44, and a power 
supply 48 is placed between the gate electrode 40 and 
the cathode electrode 42. 

When the power supply 4 6 is turned on, a voltage 
is applied between the electron-emitting element 20 and 
the anode electrode 44, and electrons emitted from the 
sharp-pointed portion 32 of the electron-emitting 
portion 30 travel toward the anode electrode 44. 
Assume that the diamond of the electron-emitting 
portion 30 has been doped with boron or the like and 
has become p type. In this case, when the output level 
of the power supply 48 is raised to apply a positive 
bias to the gate electrode 40, the depletion layer 47 
extends. As a consequence, the number of electrons 
emitted from the sharp-pointed portion 32 can be 
reduced. In contrast to this, when the bias voltage 
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from the power supply 48 to the gate electrode 40 is 
lowered, the depletion layer 47 narrows. This makes it 
possible to increase the number of electrons emitted 
from the sharp-pointed portion 32. In this manner, by 
forming a Schottky junction on the base portion 36 
which is flattened upon appearance of a low index plane, 
the number of electrons emitted from the 
electron-emitting portion 30 can be adjusted. Note 
that the gate electrode 4 0 may be formed around the 
intermediate portion 34 instead of the base portion 36 
or may be formed around both the base portion 3 6 and 
the intermediate portion 34. If the diamond of the 
electron-emitting portion 30 is of the n type, the 
depletion layer 47 extends upon application of a 
negative voltage to the gate electrode 40. 

Fig. 6 shows an electronic device 52 obtained by 
forming a MIS junction by depositing an Si0 2 insulating 
layer 41 and Al gate electrode 40 around the base 
portion 36 instead of the gate electrode 40 of the 
electronic device 50 in Fig. 5. When a MIS junction is 
formed in this manner as well, the number of electrons 
emitted from the sharp-pointed portion 32 can be 
increased/decreased by adjusting the output level of 
the power supply 4 8 and changing the size of the 
depletion layer 47. 
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[Second Embodiment] 

A method of manufacturing an electron-emitting 
element according to the second embodiment of the 
present invention will be described next with reference 
to Figs. 7A to 7F. In the steps shown in Figs. 7A to 
7D, the same processing as that in the steps shown in 
Figs. 1A to ID is performed to form a plurality of 
columnar member 2 5 on a substrate 21, as shown in 
Figs. 7A to 7D. 
J| In the step shown in Fig. 7E, reactive ion 

T> S etching is performed with respect to the columnar 

j 1 * members 25 by using pure oxygen (100% oxygen) while the 

portions other than the columnar members 25 are masked 
with Si0 2 or Al, thereby forming needle-like 
CO sharp-pointed portions 32 on the distal ends of the 

|!| columnar members 25. Acid treatment is further 

o 

| s . performed with respect to the sharp-pointed portions 32 

to further sharpen the sharp-pointed portions 32 . 

In the step shown in Fig. 7F, plasma etching is 
performed in a microwave plasma to form base portions 
3 6 in the shape of a quadrangular pyramid, thus 
completing electron-emitting portions 30, each of which 
is shown in detail in Fig. 8. As clearly shown in 
Fig. 8, the electron-emitting portion 30 has the base 
portion 36 in the shape of a frustum of a quadrangular 
pyramid and the needle-like sharp-pointed portion 32 
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located closer to the distal end side than the base 
portion 36. 

According to the method of manufacturing an 
electron-emitting element 20 of this embodiment, as in 
the first embodiment, the position of each 
electron-emitting portion 30 can be controlled by 
adjusting the place where each diamond columnar member 
25 is formed. That is, the electron-emitting portion 
30 can be formed at a desired position. In addition, 
the area of the base of the electron-emitting portion 
3 0 formed by reactive ion etching depends on the area 
of the base of the columnar member 25 before etching, 
and the height of the electron-emitting portion 30 
depends on the height of the columnar member 25 before 
etching and the type of etching. In addition, since 
the height and the area of the base of the columnar 
member 25 can be set to desired values by adjusting the 
conditions of etching for the formation of the 
electron-emitting portion 30, the area of the base and 
height of the electron-emitting portion 30 can be 
independently controlled unlike the case where the 
overall electron-emitting portion 30 is formed .into a 
pyramidal shape by a diamond synthesis technique as in 
the prior art. For this reason, if the aspect ratio of 
each columnar member 25 is set to be high, the density 
of electron-emitting portions 30 in the 
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electron-emitting element 2 0 can be increased without 
decreasing the height of each electron-emitting portion 
30. 

In this embodiment, after the sharp-pointed 
portion 32 is formed by reactive ion etching, acid 
treatment is performed to further sharpen the 
sharp-pointed portion 32. However, acid treatment 
including fluorine atoms, plasma treatment including 
fluorine atoms, or the like may be performed instead of 
the above treatment. 
[Third Embodiment] 

A method of manufacturing an electron-emitting 
element according to the third embodiment of the 
present invention will be described next with reference 
to Figs. 9A to 9D. In the step shown in Fig. 9A, a 
circular Al mask portion 24 is formed on the surface of 
a substrate 21 made of monocrystalline diamond. In the 
step shown in Fig. 9B, the substrate 21 is etched in a 
gas with an 0 2 content of almost 10 0% to form a 
columnar member 25. In this case, since the 0 2 content 
of the etching gas is almost 100%, the etching rate in 
the lateral direction is much lower than that in the 
longitudinal direction. As a consequence, the columnar 
member 25 has a cylindrical shape. 

In the step shown in Fig. 9C, the columnar member 
25 is etched in a gas containing 0 2 and Ar. In this 



21 



FP01-0076-00 



case, since the etching as contains Ar, the ratio of 
the etching rate in the lateral direction to the 
etching rate in the longitudinal direction increases as 
compared with the etching in the step in Fig. 9B. As a 
consequence, a f rustoconical sharp-pointed portion 32 
which has an inclined surface is formed on the upper 
portion of the columnar member 25. In this case, not 
only the substrate 21 but also the mask portion 24 is 
etched in the lateral direction. The lower portion of 
the sharp-pointed portion 32 on which no inclined 
surface is formed becomes the cylindrical base portion 
3 6, thus forming an electron-emitting portion 30 having 
the sharp-pointed portion 32, and base portion 36. In 
the step shown in Fig. 9D, the remaining portion of the 
mask portion 24 is removed to complete the 
electron-emitting element 20 of this embodiment. 

According to this embodiment, the position of the 
electron-emitting portion 30 can be controlled by 
adjusting the place where the mask portion 24 is formed 
in the step shown in Fig. 9A. The area of the base of 
the obtained electron-emitting portion 30 depends on 
the area of the base of the columnar member 25 obtained 
by the etching in the step in Fig. 9B, and the height 
of the electron-emitting portion 30 depends on the 
etching conditions in the steps shown in Figs. 9B and 
9C. The area of the base of the columnar member 25 can 
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be controlled by adjusting the area of the mask portion 
24. The height of the electron-emitting portion 30 can 
be controlled by adjusting the amount of a portion of 
the substrate 21 which is removed by the etching in 
Fig. 9B. Therefore, the height and the area of the 
base of the electron-emitting portion 30 can be 
independently controlled. Note that the columnar 
member 25 is not limited to a cylindrical shape and may 
be formed into a f rustoconical shape. 

O 

^ In the step shown in Fig. 9C, etching with the 

% mask portion 24 being placed on the upper surface of 

the columnar member 25 makes the upper surface of the 
0 columnar member 25 resistant to cutting and makes it 

J_ possible to sharpen the sharp-pointed portion 32. As 

ftl shown in Fig. 9D, the top portion of the 

hi 

P electron-emitting portion 30 is flat. However, such a 

ci 

y, portion is also called the sharp-pointed portion 32 in 

the present invention. In the step shown in Fig. 9C, 
by increasing the Ar content of the etching gas, the 
etching rate in the lateral direction can be increased. 
This makes it possible to sharpen the distal end of the 
sharp-pointed portion 32. In addition, if the etching 
time is controlled such that no Al is left which is 
side-etched or Al is slightly overetched in the lateral 
direction, the distal end of the sharp-pointed portion 
32 can be sharpened. The etching gas in the step shown 
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in Fig. 9C is not limited to the gas mixture of 0 2 and 
Ar, and any gas can be used as long as the ratio of the 
etching rate in the lateral direction to the etching 
rate in the longitudinal direction becomes higher than 
that in the etching in the step shown in Fig. 9B. 
[Fourth Embodiment] 

A method of manufacturing an electron-emitting 
element according to the fourth embodiment of the 
present invention will be described next with reference 
to Figs. 10A to 10E. In the steps shown in Figs. 10A 
to 10D, the same processing as that in the steps shown 
in Figs. 1A to ID is performed to form a plurality of 
columnar members 25 on a substrate 21 In the step 
shown in Fig. 10E, diamond is epitaxially grown by 
diamond synthesis processing using a microwave CVD 
method with the columnar members 25 serving as nuclei, 
thereby forming electron-emitting portions 30. 

Fig. 11 is an enlarged perspective view of the 
electron-emitting portion 30. As shown in Fig. 11, the 
electron-emitting portion 30 is comprised of a base 
portion 3 6 in the shape of a frustum of quadrangular 
pyramid, the pyramidal sharp-pointed portion 32, and an 
intermediate portion 34 in the shape of a quadrangular 
prism which is located between the base portion 3 6 and 
the sharp-pointed portion 32 to connect them. To form 
the electron-emitting portion 30 having a three-tier 
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structure including the base portion 36, intermediate 
portion 34, and sharp-pointed portion 32 in this manner, 
the columnar member 25 with an aspect ratio of 2 or 
more is formed, and diamond synthesis is performed 
under the condition that CH 4 (mol)/0 2 (mol) is 0.02 or 
less. Subsequently, diamond synthesis is performed 
under the conditions that CH 4 (mol)/02 (mol) is 0.03 or 
more and the temperature at a portion near the columnar 
member 25 is 900°C or lower. 

According to this embodiment, the position of the 
electron-emitting portion 30 can be controlled by 
adjusting the place where the columnar member 25 is 
formed. In addition, the electron-emitting portion 30 
having the base portion 36, intermediate portion 34, 
and sharp-pointed portion 32 is formed by applying a 
microwave CVD method to the columnar member 25. The 
area of the base of the obtained electron-emitting 
portion 30 depends on the shape of the columnar member 
25 before the execution of the microwave CVD method, 
and the height of the electron-emitting portion 30 
depends on the shape of the columnar member 25 before 
the execution of the microwave CVD method and the 
conditions of the microwave CVD method. In addition, 
the height and the area of the base of the columnar 
member 25 can be set to desired values by adjusting the 
conditions of etching. Therefore, the area of the base 
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and height of the electron-emitting portion 30 can be 
independently controlled unlike the case where the 
overall electron-emitting portion is formed into a 
pyramidal shape by a diamond synthesis technique as in 
the prior art. 
[Examples] 

The present invention will be described in more 
detail next with reference to the following examples. 
[Example 1] 

This example corresponds to the first embodiment. 
First of all, fine circular Al masks were 
two-dimensionally formed on a (100) substrate made of 
lb monocrystalline diamond by a photolithographic 
technique. Reactive ion etching was then performed 
with respect to the substrate in (a) a gas with a 
composition of CF 4 (mol)/0 2 (mol) = 0.001 at 5.33 Pa 
and 200 W or in (b) a gas with a composition of CF 4 
(mol)/0 2 (mol) = 0.025 at 5.33 Pa and 30 W for 0.5 to 2 
hrs, thereby forming columnar members (cylinders) . A 
total of seven columnar members were formed. The table 
in Fig. 12 shows the dimensions of the respective 
columnar members. The height of each columnar member 
was controlled by changing the ratio of CF 4 (mol)/0 2 
(mol) and the etching time. The columnar members 
having heights of 5 /1m or more were formed under the 
conditions (a), whereas the columnar members having 
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heights of less than 5 jum were formed under the 
conditions (b) . 

After the columnar members were formed, plasma 
etching was performed with respect to the columnar 
members in a gas with a composition of C0 2 (mol) /H 2 
(mol) = 0.005 and at a substrate temperature of 1,050°C, 
a pressure of 13.3 kPa, and a microwave power of 400 W 
for 4 hrs. As a result, electron-emitting portions 
were obtained, each of which had a base portion whose 
shape depended on the plane azimuth of the substrate 
and a sharp-pointed portion located closer to the 
distal end side than the base portion. The aspect 
ratio of each electron-emitting portion was made to 
fall within the range of 1 to 2.3, as shown in Fig. 12. 
As a consequence, in the present invention, it was 
found that the height and the area of the base of each 
electron-emitting portion could be independently and 
arbitrarily controlled, unlike the prior art, in which 
only the aspect ratio of each pyramidal 

electron-emitting portion could be controlled to about 
0.7. 

Figs. 13A to 13C show photomicrographs of the 
obtained electron-emitting elements. The 
electron-emitting portion shown in Fig. 13A has an 
aspect ratio of 2.3. The electron-emitting portion 
shown in Fig. 13B has an aspect ratio of 1.4. The 
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electron-emitting portion shown in Fig. 13C has an 
aspect ratio of 1 . 
[Example 2] 

This example corresponds to the second embodiment. 
Al mask portions were formed on a (100) substrate made 
of lb monocrystalline diamond by a photolithographic 
technique. Reactive ion etching was then performed 
with respect to the substrate in a gas with a 
composition of CF 4 (mol)/0 2 (mol) = 0.001 at 5.33 Pa 
and 200 W for 0.5 hrs, thereby forming columnar members 
(cylinders) . Portions of the substrate other than the 
portions on which columnar members were formed were 
masked with Al, and reactive ion etching was performed 
with respect to the columnar members with 100% oxygen 
to form electron-emitting portions, each having a 
needle-like sharp-pointed portion and base portion. 
The sharp-pointed portions were then sharpened by 
hydrofluoric acid treatment. 

Figs. 14A and 14B show photomicrographs of the 
sharp-pointed portions of the obtained 
electron-emitting portions. Fig. 14A shows a 
photomicrograph at a low magnification. Fig. 14B shows 
a photomicrograph at a high magnification. As is 
obvious from these photomicrographs, the sharp-pointed 
portion were sharpened into needle-like shapes. Note 
that with the use of a columnar member having a 
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diameter of 1 jUxa or more, a plurality of needle-like 
sharp-pointed portions could be formed on one 
electron-emitting portion. 
[Example 3] 

Like Example 2, this example corresponds to the 
second embodiment. Al mask portions were formed on a 
(100) substrate made of lb monocrystalline diamond by a 
photolithographic technique. Reactive ion etching was 
then performed with respect to the substrate in a gas 
with a composition of CF 4 (mol)/0 2 (mol) = 0.001 at 
5.33 Pa and 2 00 W for 0.5 hrs, thereby forming columnar 
members (cylinders) . Portions of the substrate other 
than the portions on which columnar members were formed 
were masked with Al, and reactive ion etching was 
performed with respect to the columnar members with 
10 0% oxygen to form electron-emitting portions each 
having a needle-like sharp-pointed portion and base 
portion. Thereafter, plasma etching was performed with 
respect to the electron-emitting portions in a gas with 
a composition of C0 2 (mol)/H 2 (mol) = 0.05 at a 
substrate temperature of 1,080°C, a pressure of 13.3 
kPa, and a microwave power of 400 W. 

Figs. 15A to 15C are photomicrographs of the 
obtained electron-emitting element. Fig. 15A is a 
photomicrograph of the entire electron-emitting portion. 
Fig. 15B is a photomicrograph of the sharp-pointed 



29 



FP01-0076-00 



portion at a low magnification. Fig. 15C is a 
photomicrograph of the sharp-pointed portion at a high 
magnification. As is obvious from the photomicrograph 
of Fig. 15C, the distal end of the sharp-pointed 
portion was considerably sharpened. 
[Example 4] 

This example corresponds to the third embodiment. 
Al mask portions were formed on a (100) substrate made 
of lb monocrystalline diamond by a photolithographic 
technique. Reactive ion etching was then performed 
with respect to the substrate in a gas with a 
composition of CF 4 (mol)/0 2 (mol) = 0.001 at 5.33 Pa 
and 200 W for 0.5 hrs, thereby forming columnar members 
(cylinders) . When the columnar members were etched in 
a gas with a composition of Ar (mol)/0 2 (mol) = 1, an 
electron-emitting portion shown in the photomicrograph 
of Fig. 16A could be obtained. As is obvious from this 
photomicrograph, a base portion was formed at the root 
portion of the electron-emitting portion, and a 
sharp-pointed portion was formed on the distal end side. 

When each columnar member was etched by using a 
100% Ar gas in place of the etching gas with a 
composition of Ar (mol)/0 2 (mol) = 1, the 
electron-emitting portion shown in the photomicrograph 
of Fig. 16B could be obtained. As is obvious from this 
photomicrograph, the distal end of the sharp-pointed 
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portion of the electron-emitting portion formed by an 
etching gas with a high Ar content was sharper than 
that of the sharp-pointed portion in Fig. 16A. When an 
etching gas with a composition of Ar (mol)/0 2 (mol) = 1 
was used, the distal end of each sharp-pointed portion 
was sharpened as in the case where 100% Ar was used as 
an etching gas, by prolonging the etching time. 
[Example 5] 

This example corresponds to the fourth embodiment. 
First of all, Al mask portions were formed on three 
substrates, i.e., a (100) substrate, (110) substrate, 
and (111) substrate, each of which was made of lb 
monocrystalline diamond, by a photolithographic 
technique. Reactive ion etching was performed with 
respect to each substrate in a gas with a composition 
of CF 4 (mol)/0 2 (mol) = 0.001 at 5.33 Pa and 200 W to 
form columnar members (cylinders) each having an aspect 
ratio of 2. 

Diamond synthesis was performed by using the 
columnar members as nuclei in a gas with a composition 
of CH 4 (mol)/H 2 (mol) = 0.045 and C0 2 (mol) /H 2 (mol) = 
0.005 at a substrate temperature of about 1,050°C, a 
pressure of 13.3 kPa, and a microwave power of 400 W 
for 30 min. As a result, an electron-emitting portion 
having a base portion, intermediate portion, and 
sharp-pointed portion was formed, as indicated by the 
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photomicrograph of Fig. 17A. Note that Fig. 17A shows 
a photomicrograph indicating a electron-emitting 
portion formed by using the (100) substrate. 

The growth of samples on the (110) substrate was 
stopped. On the (100) substrate, diamond synthesis was 
performed by using columnar members as nuclei in a gas 
with composition of CH 4 (mol)/H 2 (mol) = 0.08 and C0 2 
(mol)/H 2 (mol) = 0.005 at a substrate temperature of 
about 900 °C, a pressure of 8.0 kPa, and microwave power 
of 300 W for 60 min. Fig. 17B is a photomicrograph 
showing the obtained electron-emitting portion, taken 
from a side. 

On the (111) substrate, diamond synthesis was 
performed by using columnar members as nuclei in a gas 
with a composition of CH 4 (mol)/H 2 (mol) = 0.0015 at a 
substrate temperature of about 1,050°C, a pressure of 
13.3 kPa, and a microwave power of 400 W for 4 hrs . 
Fig. 17C is a photomicrograph showing the obtained 
electron-emitting portion 30, taken from above. 

By adding a condition of B 2 H 6 / H 2 = 1000 x 10" 6 to 
an etching gas, conductive diamond could be synthesized, 
and currents could be made to flow in the 
electron-emitting element. 

The examples of the present invention made by the 
present inventors have been described above on the 
basis of the embodiments. However, the present 
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invention is not limited to the respective embodiments. 
For example, electronic devices that can emit electrons 
from sharp-pointed portions toward electron extraction 
electrodes can be formed even with the 
electron-emitting elements formed in the second to 
fourth embodiments by placing to make the electron 
extraction electrodes oppose the sharp-pointed portions. 
In addition, a Schottky junction or MIS junction can be 
formed by forming a metal gate electrode around each 
^- base portion of such an electronic device on which a 

^ low index plane appears. This makes it possible to 

p- adjust the number of electrons emitted. 

ul As has been described above, according to the 

* s method of manufacturing an electron-emitting element of 

III the present invention, the position of each 

|*| electron-emitting portion can be controlled by 

y, adjusting the place where a diamond columnar member is 

formed. An electron-emitting portion having a 
sharp-pointed portion on its distal end is formed by 
etching a columnar member. The area of the base of the 
completed electron-emitting portion depends on the area 
of the base of the columnar member before etching. The 
height of the electron-emitting portion depends on the 
height of the columnar member before etching and the 
type of etching. In addition, since the height and the 
area of the base of the columnar member can be set to 
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desired values by adjusting the conditions of etching, 
the area of the base and height of the 
electron-emitting portion can be independently 
controlled unlike the case where the overall 
electron-emitting portion is formed into a pyramidal 
shape by a diamond synthesis technique as in the prior 
art. 

In addition, according to another method of 
manufacturing an electron-emitting element of the 
present invention, the position of each 
electron-emitting portion can be controlled by 
adjusting the place where a diamond columnar member is 
formed. An electron-emitting portion having a base 
portion, intermediate portion, and sharp-pointed 
portion is formed by performing diamond synthesis 
processing with respect to a columnar member. The area 
of the base of the obtained electron-emitting portion 
depends on the shape of the columnar member before 
diamond synthesis processing. The height of the 
electron-emitting portion depends on the shape of the 
columnar member before diamond synthesis processing and 
the conditions of diamond synthesis processing. In 
addition, since the height and the area of the base of 
the columnar member can be set to desired values by 
adjusting the conditions of etching, the area of the 
base and height of the electron-emitting portion can be 



34 



FP01-0076-00 



independently controlled unlike the case where the 
overall electron-emitting portion is formed into a 
pyramidal shape by a diamond synthesis technique as in 
the prior art. 

From the invention thus described, it will be 
obvious that the embodiments of the invention may be 
varied in many ways. Such variations are not to be 
regarded as a departure from the spirit and scope of 
the invention, and all such modifications as would be 
obvious to one skilled in the art are intended for 
inclusion within the scope of the following claims. 



35 



